Abstract Androgen insensitivity syndrome (AIS) is an X-linked genetic disorder of male sexual differentiation caused by mutations in the androgen receptor (AR) gene. A reliable genotype-phenotype correlation in these patients does not exist as yet. Here we report the molecular studies performed on eight individuals with AIS. Exon-specific polymerase chain reaction (PCR), single-strand conformation polymorphism, and sequencing analyses, were performed in exons 2 to 8 of the AR gene. In one case, total cellular RNA was extracted from genital skin fibroblasts and reverse transcriptase-PCR was performed. Six different point mutations leading to amino acid substitutions (P682T, Q711E, G743E, F827V, H874R, D879Y), one splicejunction mutation (gAEc at ϩ5, exon 6/intron 6), and a missense mutation without amino acid substitution (S888S) were identified. All mutations, including a de novo mutation, were previously undescribed on the steroid binding domain. Of the eight mutations identified, four led to a complete female phenotype (codons 743, 827, 874 and the donor splice site ϩ5), two were detected in phenotypic females with partial virilization (codons 682 and 711), and two were present in phenotypic male subjects with undervirilized external genitalia, thus indicating that all of these sites determine AR functional activity.
Introduction
Androgen insensitivity syndrome (AIS) is an X-linked hereditary disorder that leads to male pseudohermaphroditism with variable phenotypes. This defective response results from the impairment of androgen receptor (AR) function in activating androgen responsive genes in target cells (McPhaul et al. 1993) . The phenotype in 46,XY affected individuals varies depending on the extent of the AR defect, ranging from subjects with complete androgen insensitivity syndrome (CAIS) where a female phenotype is observed, to patients with genital ambiguity who present with partial androgen insensitivity syndrome (PAIS). Patients with CAIS exhibit female external genitalia with a short vagina, usually sparse or absent pubic hair, normalsized testes located in the abdominal or inguinal area with hypoplastic Wolffian derivatives; Müllerian ducts are generally absent. Patients with PAIS have a spectrum of virilization defects ranging from clitoromegaly and posterior fusion of labia majora to hypospadias with gynecomastia (French et al. 1990; Quigley et al. 1995) .
The AR belongs to the nuclear receptor superfamily and has four functional domains encoded by eight exons (Lubahn et al. 1989) . The N-terminal domain encoded by exon 1 is involved in transcriptional activation of target genes by androgens. The central section encoded by exons 2 and 3 comprises two "zinc-finger"-like structures; this domain is responsible for binding to androgen response elements in the promoter region of target genes. A hinge region, located between the DNA-binding domain and the steroid binding domain (SBD), is encoded by the 5Јregion of exon 4, and contains the major part of the AR nuclear targeting signal. The C-terminal domain, encoded by exons 4 (3Јregion) to 8, is involved in high-affinity ligand binding (Simental et al. 1991) . The cloning of cDNA for human AR (Lubahn et al. 1988; Chang et al. 1988 ) has allowed detection of numerous molecular lesions, most of them being missense mutations spread throughout the coding region, although some "hot spots" have been identified (Quigley et al. 1995) . In this study, we identified mutations in the AR gene of a group of patients with AIS and found eight new single-base mutations, all of them located within the SBD.
Subjects and methods

Patients
Molecular studies were performed on eight 46,XY individuals who were previously diagnosed with AIS. Patient 1 presented at 9 months of age with bilateral inguinal herniae, clitoromegaly, and slight labial fusion. Patient 2 presented at 11 years of age, having bilateral inguinal herniae, pseudovagina, and clitoromegaly. Patients 3 and 6, with CAIS phenotypes, were previously described (UlloaAguirre et al. 1986 (UlloaAguirre et al. , 1990 . Patient 4 (CAIS) presented at 16 years old with primary amenorrhea, absence of sexual hair, a short vagina, and hypoplasia of labia majora and minora; breast development was Tanner 4. Patient 5 presented at 18 years of age with a female phenotype, absence of axillary hair, and scarce pubic hair. She was diagnosed with CAIS. Patient 7 was born with a penoscrotal hypospadias and cryptorchidism. At puberty, he developed bilateral gynecomastia and exhibited a female-like distribution of body fat. His facial and axillary hair was scarce. Patient 8 was admitted to the hospital at 3 years of age, presenting with perineal hypospadias and left cryptorchidism. The study was approved by the Medical Ethics Committee of the Instituto Nacional de Ciencias Médicas y Nutrición Salvador Zubirán and informed consent was obtained from each of the patients or their parents.
Methods
DNA isolation was performed from ethylenediamine tetraacetate (EDTA) blood samples or genital skin fibroblasts of the patients and controls by standard methods (John et al. 1991) . DNA fragments from exons 2-8 of the AR gene were amplified by the polymerase chain reaction (PCR) using primers previously reported (DeBellis et al. 1992) . Reactions were carried out in a final volume of 25 µl containing 0.5-0.8 µg genomic DNA, 2 µM each deoxyribonucleotide triphosphate, 1.25 µM of each oligonucleotide primer, 1.5 mM MgCl 2 , 50 mM KCl, 10 mM Tris HCl (pH 8.3), 4% dimethylsulfoxide, and 2.0 U of Thermostable DNA polymerase (Perkin Elmer, Branchburg, NJ, USA). Reactions were subjected to 25 cycles of amplification at 94°C for 1 min, annealing at 58-62°C (58°C for exons 2, 3, 4 and 5; 60°C for exons 6 and 8; 62°C for exon 7) for 1 min, and extension at 72°C for 1 min.
Single-stranded conformational polymorphism (SSCP) analysis of PCR products was performed according to the method of Orita (1989), using [α- 32 P] deoxycytidine triphosphate as described elsewhere (Vilchis et al. 2000) . Sequencing of the mutant and normal PCR fragments was carried out with the Thermosequenase ([α-33 P] dideoxynucleotide triphosphate) terminator cycle sequencing kit (Amersham, Cleveland, OH, USA), following the manufacturer's recommendations. Genital skin fibroblasts were propagated in cell culture from normal foreskin (46,XY control subjects) or a biopsy specimen from patients as previously described (Medina et al. 1982; Ulloa-Aguirre et al. 1988 ). Androgenbinding activity in cultured fibroblasts was determined under conditions similar to those described previously (Ulloa-Aguirre et al. 1988 ). Briefly, normal or mutant cellular pellets were resuspended in a buffer Tris HCl, 20mmol/l [pH 7.4], containing; 1.5 mmol/l EDTA, 0.25mmol/l dithiothreitol, 10% glycerol, 10 mmol/l sodium molybdate and then homogenized with a teflon pestle. The resulting homogenates were centrifuged at 105000 g for 1 h at 4°C to obtain the soluble fraction. Aliquots of cytosol (100µl) Total cellular RNA was extracted from genital skin fibroblasts using Trizol reagent (Gibco-BRL, Grand Island, NY, USA). RNA was reverse-transcribed into cDNA with the SuperScript preamplification system (Life Technologies, Grand Island, NY, USA). Aliquots (100ng) of the cDNA from patient 4 and from a normal control were amplified by PCR using a set of primers designed from exon 6 (sense, 5Ј-ATGTACAGCCAGTGTGTCCGAATG) and exon 8 of the AR (antisense 5Ј-CTGGGTGTGGAAATA GATGGGCT). After amplification, PCR products were analyzed in a 1.0% agarose gel stained with ethidium bromide and visualized by UV fluorescence. Subsequently, both mutant and control DNA fragments were purified and sequenced as described earlier.
Results
No gross deletions of the AR gene were detected by PCR in any of the patients studied. Abnormalities in migration were detected by SSCP in all individuals. Sequencing analysis demonstrated eight new single-base mutations including a de novo mutation (Table 1) . Patient 1 presented a CAEA transversion within exon 4, changing codon 682 from proline to threonine (Fig. 1) . Patient 2 had a CAEG transversion at codon 711, also in exon 4, which was responsible for a glutamine to glutamic acid substitution (Fig. 1) . In patient 3, a GAEA transition was detected at position 743 in exon 5. This change was responsible for a glycine to glutamic acid substitution (Fig. 1) .
Patient 4 had a mutation (gAEc) at position ϩ5 of the (exon 6/intron 6) splice donor site, which was not found in his mother (Fig. 2) ; this intronic mutation appears to prevent the splicing of intron 6. Amplification of the AR from patient 4's cDNA (enclosing exons 6-8) by reverse transcriptase-PCR resulted in an amplimer of 1223 bp (normal control ϭ 423 bp), which comprises the whole of intron 6 (about 800 bp) together with a coding segment of 423 bp (Fig. 2) . Sequencing analyses of this DNA fragment (data not shown) essentially conforms to the sequence of the exon/intron junction reported previously (Lubahn et al. 1989) , thus indicating a defective splicing. Subject 5 presented a TAEG transversion in exon 7 that changes the sense of codon 827 from phenylalanine to valine (Fig. 3) . The sixth mutation was an AAEG transition in exon 8, changing histidine at position 874 to arginine (Fig. 3) . In patient 7, a GAET transversion in exon 8 resulted in a change from aspartic acid to tyrosine at amino acid 879 (Fig. 4) . Finally, a CAET missense mutation that leaves intact serine 888 (AGT instead of AGC) was the only alteration found in the AR of patient 8 (Fig. 4) .
Discussion
Androgen insensitivity leads to incomplete virilization of individuals with a normal 46,XY karyotype. Molecular studies in patients with AIS are critical for generating a correlation between AR genotypes and clinical phenotypes, and these studies contribute to the elaboration of a structure-function map of the AR based on naturally occurring mutations. Thus far there are more than 200 different reported molecular lesions throughout the eight exons that constitute the gene. Diverse mutations of the AR have been described, not only in AIS, but also in prostate and breast cancers (French et al. 1990; López-Otín and Diamandis 1998; Ahmed et al. 2000; Sawai et al. 2000) .
In our eight patients, a single-base mutation was always identified and all except one were within the region that corresponds to the SBD. Patients 1 and 2 presented a mutation in exon 4 and a PAIS phenotype. Patient 1 had a CAEA substitution at nucleotide 2406 that leads to a nonconservative mutation of residue 682, which is highly conserved among the steroid receptor subgroup. It is thought that highly conserved residues are the most com- mon sites of amino acid substitution in the AR gene. As analyzed in mutant fibroblasts, the Pro682AEThr substitution renders the AR with limited binding activity. The second disorder detected was a CAEG change at nucleotide 2493 in exon 4. Apparently, the nonconservative replacement of glutamine with glutamic acid at amino acid 711, which is also a conserved residue, does not affect the AR binding activity. As in these cases, it has been estimated that about 75% of the mutations in the SBD have occurred at residues identical in at least two other members (i.e., PR, GR) of the steroid receptor subfamily (Quigley et al. 1995) . Both mutations P682T and Q711E lie on the hinge region, an area known to be important for dimerization and nuclear translocation of the AR (Simental et al. 1991; Wong et al. 1993; Zhou et al. 1994a) . Patient 3, with a completely female phenotype, presented a Gly743AEGlu mutation in exon 5. Interestingly, a different molecular lesion affecting this codon has been reported in prostatic cancer . The mutated receptor of our patient showed a positive binding activity in cytosolic preparations; however, no specific binding at the nuclear level could be detected, which suggests that this particular substitution might be altering AR nuclear transport. In this regard, molecular studies using AR mutants, constructed by PCR mutagenesis, have shown that the 48 amino acids of exon 5 in the SBD play a major role not only in binding specificity, but also in inhibiting target signal activity in the abscence of androgen binding (Zhou et al. 1994b) . It is noteworty that patient 3 as well as patient 6, both with CAIS, presented remnants of Müllerian derivatives (Ulloa-Aguirre et al. 1986 .
Sequence analysis in patient 4 showed a single mutation in position ϩ5 of the 5Ј splicing region. The gAEc nucleotide replacement abolishes normal splicing at the exon 6/intron 6 boundary and is associated with a CAIS phenotype with total absence of androgen binding. This change was not found in the maternal DNA, which is consistent with a de novo mutation. By studying AIS families with only one affected member, Hiort et al. (1998) found a high rate of de novo mutations (about 27%) in the AR gene. Likewise, in a recent study, a different gAEt transversion in the splice donor site of intron 6 was detected in a French child with AIS (Sammarco et al. 2000) . Unlike the receptor in our patient, the mutated receptor from this patient exhibited reduced binding capacity (B max ), thus indicating that the replacement of guanine with cytosine at this position (ϩ5) is deleterious for receptor functioning. Most splice-junction mutations identified to date are associated with a CAIS phenotype .
In patient 5, who presented complete AIS, we found a hitherto unreported TAEG transversion in exon 7. The conservative replacement of phenylalanine with valine at amino acid 827, which is a well-conserved site, seems to cause an important alteration, as it lies within a segment considered critical for AR activity (Zhou et al. 1994a,b; Thornton and Kelley 1998) .
The sixth mutation was detected in an individual with CAIS (Quigley's grade 7), having an AAEG transition at nucleotide 2980 in exon 8; this change has never been detected in AIS. Nevertheless, the mutation is located in the same codon as a mutation previously reported in prostatic cancer, although with a different amino acid substitution. Functional studies show that this change (at nucleotide 2981) alters the hormone specificity in such a way that mutant receptors could also be activated by estrogens, progesterone, and hydroxyflutamide (Taplin et al. 1995; Tan et al. 1996) . That the mutation H874R impairs ligand specificity appears unlikely since it is associated with a total lack of binding activity (Table 1) .
Finally, two mutations in exon 8 that do not affect AR binding were observed in subjects with PAIS. Both mutations lie within or nearby the activation function-2 (AF-2) core domain, a region involved in the interaction with the coactivator TIF2 (Slagsvold et al. 2000) . A GAET replacement in the first nucleotide (2997) of codon 879 was detected in two siblings who were raised as males and exhibited a similar phenotype. As observed in patient 7, most males with gynecomastia resulting from PAIS have molecular lesions in the SBD (Giwercman et al. 2000) . Likewise, adjacent residues (i.e., 877 and 880) are predicted to be in contact with the ligand (Thornton and Kelley 1998) .
The last mutation identified was a CAET transition at nucleotide 3026, found in a 3-year-old child who presented with perineal hypospadias as the main stigma. Although this silent mutation affected a highly conserved residue (Ser888), there was no amino acid replacement. However, it is well recognized that changes in synonym codons might influence transcription, processing, or translation (Beaudet et al. 1995) . Patient 8 had the AGCAEAGT mutation in exon 8. Such a change has not been described previously; therefore we cannot exclude the possibility of a polymorphism. However, molecular screening of exon 8 performed on more than 130 chromosomes of karyotypic males suggests strongly that the change found at codon 888 represents a mutation with phenotypic expression and not a genetic polymorphism. In support of this view, molecular evidence indicates that mutagenesis of residue 888 does not influence androgen binding or LBD homodimerization, but decreases the interaction with the coactivator TIF2 and with the NH 2 -terminal domain (Berrevoets et al. 1998 ). Furthermore, recent molecular studies suggest the existence of a functional element centered around this residue (Met886), which could have a role, not in ligand binding, but in interdomain and coactivator interactions (Ghadessy et al. 1999) . More than 12 different silent mutations in the AR have been reported that result in partial or complete AIS and even in prostatic cancer; the mutations R210R, E211E, V511V, and L838L are among the AR alterations that may impair the normal phenotypic development in males .
In summary, we identified eight new missense mutations in the AR gene of Mexican patients clinically diagnosed with AIS. Our data support the view that these disorders result in a nonfunctional or subfunctional protein, causing masculinization defects of varying degrees. The results also underline the importence of the existence of an entire SBD for proper AR functional activity.
